RNA polymerase II (RNAPII)-mediated gene transcription initiates at promoters and ends at terminators. Transcription termination is intimately connected to 3'end processing of the produced RNA and already when loaded at the promoter, RNAPII starts to become configured for
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Overviews will provide a broad and relatively non-technical treatment of important topics at a level suitable for advanced students and for researchers without a strong background in the field.
5,000-8,000 words ≤ 16 figures/tables 50-100 references There is both direct and circumstantial evidence for preferential recycling of RNAPII from the gene terminator back to its own promoter, which supposedly increases the efficiency of the transcription process under conditions where RNAPII levels are rate limiting. Here, we review differences and commonalities between initiation and 3'end processing/termination processes on various types of RNAPII transcribed genes. In doing so, we discuss the requirements for efficient
3'end processing/termination and how these may relate to proper recycling of RNAPII.]
The conversion of genetic information into functional molecules begins with gene transcription. In eukaryotes, multisubunit RNA polymerases (RNAPs) execute the transcription of nuclear-encoded genes. There are five eukaryotic RNAPs -RNAPI, II, III, IV and V, where the latter two only exist in plants 1, 2 . RNAPII appears to be the most versatile of these enzymes, both with respect to the types of transcription units it engages and in terms of the cellular levels, sizes and physical properties of the generated RNA molecules, which include both protein-coding mRNA as well as long-and short non-coding (nc)RNA.
Common to all genes is that they are linear entities confined by promoters and terminators that dictate where transcription starts and ends. Where studied, transcription termination is tightly coupled to the 3'end processing of the produced RNA molecule and the combined process is necessary for release of the transcript and the RNA polymerase from the gene template as well as from each other [3] [4] [5] . In addition to this crucial step in gene expression, recent studies from several laboratories suggest that RNA 3'end processing/transcription termination can both positively and F o r P e e r R e v i e w 3 negatively influence initiation of the next round of transcription [6] [7] [8] [9] [10] [11] [12] . Such functional interaction between its start and end suggests that a gene functions, at least partially, as a closed circuit.]
RNAPII transcription -from beginning to end Transcription initiation
RNAPII transcription initiates at the gene promoter, which is usually positioned upstream, but in some cases immediately downstream, of the transcription start site (TSS) 13, 14 . Although the exact mechanism by which transcription is initiated is far from uniform among all promoters, the first step of RNAPII transcription initiation involves the formation of a pre-initiation complex (PIC) consisting of the promoter DNA, general transcription factors (GTFs) and RNAPII -a process that is stimulated by, or perhaps even dependent on, transcriptional activators, chromatin remodeling factors and the mediator complex. De novo PIC assembly takes place through the sequential binding of GTFs at the promoter core elements, ending with the recruitment of RNAPII [15] [16] [17] [18] . After RNAPII is released from the promoter and starts elongating, a sub-complex of the PIC called the re-initiation complex can remain behind and facilitate transcription re-initiation 19 .
Transcription termination
After transcribing the gene body, RNAPII reaches the terminator region downstream of the RNA 3'end processing site. It is generally perceived that transcriptional termination is tightly coordinated with RNA 3'end processing, but no unifying model exists for termination of transcription on all types of RNAPII genes. The process is best described for genes encoding polyadenylated RNA (hereafter referred to as 'polyA genes'), for which two models have been proposed. The 'allosteric' model suggests that RNAPII undergoes conformational changes due to dissociation of elongation factors and/or association of termination factors upon passage of the 3'end processing signal, which F o r P e e r R e v i e w 4 ultimately leads to pausing and termination of RNAPII [20] [21] [22] [23] . Conversely, the 'torpedo'-model, is based on the fact that pre-mRNAs are endonucleolytically cleaved as part of the 3'end processing reaction and that the resulting RNAPII-associated downstream fragment is degraded from its 5'end by the nuclear 5'-3' exonuclease XRN2 (Rat1p in S .cerevisiae). The model states that XRN2 catches up with the transcribing RNAPII and, in a poorly understood manner, triggers transcription termination 24, 25 ( Figure 1 ) . Additional endonucleolytic cleavage sites downstream of the polyA signal (the so-called co-transcriptional cleavage (CoTC) sites), specific DNA sequence elements that slow down or pause RNAPII, as well as enzymatic activities destabilizing RNA:DNA hybrids, including the one covered by RNAPII itself, have also been implicated in the termination process 24, [26] [27] [28] [29] [30] [31] . Evidence exists in support of both transcription termination models and it is likely that both contribute to varying degrees on different RNAPII-transcribed genes [3] [4] [5] 32 .
Setting and resetting RNAPII
During the transcription process the RNAPII complex is subject to extensive changes in modification.
A central platform for this modulation is the C-terminal domain (CTD) of the largest subunit of RNAPII, which acts as a scaffold for interactions with multiple factors involved in transcription initiation, elongation and termination as well as with factors important for co-transcriptional maturation of the RNA product. The CTD contains a conserved heptad repeat sequence (consensus:
Tyr 1 Ser 2 Pro 3 Thr 4 Ser 5 Pro 6 Ser 7 ) and most of its amino acid residues can be post-translationally modified ( Figure 1 ). This dynamic property of the CTD is of great importance for the transcription cycle as it assists the coordination between the many facets of transcription and RNA processing [33] [34] [35] [36] [37] .
The patterns of phosphorylation of serines 2 (Ser2P) and 5 (Ser5P) and the consequences thereof have been the focus of particular intense investigations, but recent attention has also been directed towards phosphorylation of Tyr1 (Tyr1P), Thr4 (Thr4P) and Ser7 (Ser7P) that appear to be important for specific types of 3'end processing reactions [38] [39] [40] [41] [42] [43] . Although the phosphorylation pattern of the CTD is gene specific some overall features relate to the distance travelled by RNAPII away from the promoter (see Figure 1 ). In general, RNAPII is loaded on the PIC with a hypophosphorylated CTD, which then becomes Ser5 phosphorylated during the initial phases of transcription. As RNAPII travels through the gene Ser5P gradually declines and Ser2P levels rise. In yeast, the switch from dominating Ser5P to Ser2P is estimated to occur ~450 bp downstream of the TSS 44, 45 , after which high levels of Ser2P persist until a terminator is reached.
Ser7P and Thr4P display roughly similar patterns to Ser5P and Ser2P, respectively ( Figure 1 ) 42, 45, 46 .
Thus, when RNAPII encounters a terminator on short genes (<450 bp) the CTD is mainly in a Ser5P/Ser7P state, whereas on longer genes (>450 bp) Ser2P/Thr4P will predominate. Accordingly, the associated 3'end processing/termination processes on short and long genes have evolved to be differentially stimulated by the specific modification of the CTD matching the time of its usage (see below and Figure 2A ). An interesting new discovery here is the observation from yeast that although the profile of Tyr1P follows that of Ser2P it declines earlier than Ser2P and before RNAPII reaches the 3'end processing signal (Figure 1 Some distance into the terminator region, the CTD is eventually dephosphorylated 45, [47] [48] [49] , and it is generally observed that RNAPII which is not bound to the DNA template is hypophosphorylated 50, 51 .
It therefore appears that RNAPII can be 'reset', at least partially, in preparation for its next round of transcription either prior to, or concomitant with its termination. Another important, albeit less well studied, aspect of such RNAPII resetting is its release of the produced RNA. This can occur while RNAPII is still attached to, or after it has been dismantled from, the chromatin template [52] [53] [54] [55] .
Interestingly, coupled in vitro transcription/3'end formation assays performed in HeLa cell nuclear extracts have revealed that a nascent mRNA can remain attached to the RNAPII CTD even after 56 .
Thus, at least in some situations, all stages of RNA 3'end processing would have to be completed before RNAPII can be recycled to perform another round of initiation.
RNAPII-transcribed genes -the long and the short of it
Above RNAPII transcription has been generalized, but in reality there are variations for each individual gene type. RNAPII-transcribed genes can broadly be placed into three categories depending on the nature of the produced mature RNA: (1) protein-coding genes, which in many metazoans fall in two different groups, namely (1a) those encoding polyadenylated mRNA and (1b)
those encoding replication-dependent non-adenylated histone mRNA, (2) short ncRNA genes, such as those encoding a subset of sn/snoRNAs and (3) long non-coding (lnc)RNA genes. We will not discuss the latter class further here, since only little general knowledge has been obtained on features of its transcription initiation and 3'end processing/termination.
Even though promoters vary between and within these categories in terms of which complement of transcription factors is bound, a common (sub)set of GTFs are believed to be positioned at the core of committing RNAPII for transcription 13, [57] [58] [59] [60] [61] . Additionally, the machineries that mediate RNA 3'end processing and RNAPII termination on these types of genes display commonalities as well as major differences. In the remainder of the review we will mainly focus on knowledge from metazoan organisms except where indicated.
Protein-coding genes with a polyA terminator
The vast majority of protein-coding genes produce polyadenylated mRNA with 5'-and 3'-untranslated regions (UTRs), an open reading frame (ORF), and in most cases several introns. The . The interaction between PABPN1 and CPSF with the polyA tail persists until it has reached ∼250 A's after which the stimulation by CPSF is disrupted 73 . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 49, 74 . At the promoter, this recruitment is believed to be aided by GTFs, since several CPSF components (CPSF 73/100/160) interact with TFIID and CstF 64 interacts with TFIIB as well as the transcription factor PC4 [74] [75] [76] . CPSF (CPSF 73/100/160) and CstF (CstF 50/64/77) also bind the CTD of RNAPII 77 and their juxtaposition at the promoter is likely to mediate a smooth transfer to RNAPII when transcription commences. The interaction with the CTD is highly stimulatory for 3'end formation since it positions the factors in proximity to the newly synthesized pre-mRNA upon transcription of the polyA signal 78 . Although the mentioned interactions appear to be independent of the phosphorylation status of the RNAPII CTD, there are also examples of 3'end processing/termination factors that depend on CTD modification. Most prominently, it has been shown in yeast that Pcf11p, a factor important for both 3'end processing and RNAPII termination 22, 79 , selectively recognizes CTD Ser2P 20, 80, 81 . In addition, Tyr1P, which drops immediately upstream of the polyA signal, antagonizes Pcf11p interaction and indeed, Pcf11p only binds to the Ser2P CTD if Tyr1 and Ser5 are unphosphorylated 38 . Thus, effectively RNAPII is prepared for polyadenylation/termination already at the promoter, but it will not be fully competent before it has undergone specific modification changes and passed/produced specific sequence elements.
Replication-dependent histone genes
Unique among metazoan protein-coding genes are those encoding the replication-dependent histones (hereafter referred to as 'histone genes'). At least three features set this class of genes apart from the bulk of protein-coding genes: (1) they are located in clusters in the genome, (2) they are intronless, and (3) the encoded mRNA is 3'end processed in a specialized manner [82] [83] [84] .
Furthermore, histone genes are generally shorter than their polyA gene counterparts with gene The histone pre-mRNA is endonucleolytically cleaved between these two elements 87, 88 , resulting in a mature transcript containing a 3'stem-loop potentially protecting against 3'-5' degradation ( Figure   2B ). Interestingly, as for polyA site cleavage the responsible endoribonuclease is CPSF73 89, 90 . In addition, cleavage/polyadenylation factors CPSF, CstF77, CstF64, Fip1 and Symplekin are also involved in histone mRNA 3'end processing 91, 92 . Besides this overlap in factor usage, the implicated complexes are different. The histone stem-loop is bound by 'stem loop binding protein' (SLBP), which facilitates the binding of U7 snRNA to the HDE by basepairing 93 . SLBP bound to the stem-loop interacts with ZFP100 94 , which in turn associates with the U7 snRNA-associated protein Lsm11 thus bridging the stem-loop and the HDE 95, 96 . How CPSF73 is recruited to the cleavage site is still not known, but it has been suggested that FLASH, another essential component of the histone mRNA 3'end formation machinery, mediates the contact between CPSF73 and the pre-mRNA ( Figure 2B ) 97 .
Any coupling between transcription and RNA 3'end processing on histone genes is only poorly understood currently. FLASH, SLBP, CPSF73 and CstF77 are present at the histone promoter 43, 49, 98 and the former two proteins co-localize with the histone gene transcription factor NPAT, which may imply pre-loading of 3'end processing factors 98 . Interestingly, CTD-Thr4P is required for histone mRNA 3'end processing whereas it is dispensable for polyadenylation of polyA genes 43 . In line with this, Thr4P is essential in vertebrates 42 , but not in budding and fission yeasts 99, 100 , consistent with the fact that no specialized 3'end processing machinery exists for histone genes in these species. There are conflicting observations about the involvement of Ser2P in histone mRNA 3'end processing 101, 102 . However, these studies suffer from the problem that the drugs used to inhibit the Ser2 kinase likely also inhibit phosphorylation of Thr4. It has yet to be revealed how Thr4P is mechanistically coupled to histone 3'end processing.
U snRNA genes
RNAPII transcribes a subset of autonomous small ncRNA genes, including some snRNA and snoRNA loci 103 . The resulting RNAs are usually involved in the processing/modification of other RNA molecules. Besides being short (∼150-350 nt; Figure 2A ), these RNAs are characterized by their lack of introns and their production from genes having specialized promoters and terminators 57, 104 . The human U1 and U2 snRNA-encoding genes are most comprehensively described with respect to 3'end processing and transcription termination and will be discussed in the following paragraphs.
U1 and U2 snRNA gene promoters contain two important regions; the proximal and distal sequence elements (PSE and DSE), respectively 105 . Lack of either of these reduces RNA levels by more than 100-fold 106 The CTD of RNAPII is essential for proper 3'end formation of U1 and U2 snRNA [111] [112] [113] and its phosphorylation status is central for this dependency [39] [40] [41] . In particular, Ser7P appears to be essential for the process 39 . The Integrator subunit Int11 interacts with the CTD, but it is most efficiently recruited to Ser2P/Ser7P configured heptad repeats 40 , which implies that Integrator-mediated 3'end processing is only efficient within a rather narrow window of distance from the TSS where both these modifications are present at the same time. Since Ser7 generally starts to become dephosphorylated when RNAPII travels further than ~450 bp this may explain why increasing the distance between the promoter and the 3'box of the U1 snRNA gene decreases the efficiency of 3'end processing 114 .
Similar to the early recruitment of 3'end processing factors on polyA genes, the Integrator complex (Int2 and Int9-11) is found at the promoter of snRNA genes 108 . It is not known whether initial recruitment occurs independently of RNAPII, but since several studies have shown that elements in snRNA promoters are needed for efficient U snRNA 3'end processing 104, 115, 116 , this would be in accordance with promoter-specific Integrator recruitment and its later handover to RNAPII. . Sen1p (and its human ortholog Senataxin) is also involved in 3'end processing/termination of some polyA genes 27, 122, 123 . RNAPII-bound NNS targets specific sequence motifs in the nascent RNA and by an uncharacterized mechanism, likely involving Sen1p, terminates RNAPII transcription 117, 121, [124] [125] [126] [127] . NNS also recruits the 'Trf4-Air2-Mtr4 polyadenylation' (TRAMP) and RNA exosome complexes that, depending on the nature of the target RNA 3'end, mediate either trimming/processing or the complete degradation of the affected transcript ( Figure 2B ) 120 . Via its CTD interacting domain (CID), Nrd1p interacts directly and selectively with the Ser5P modification, restricting this type of termination to occur mainly within a short distance from the TSS [128] [129] [130] .
Functional communication between terminator and promoter
Where most of the above described interactions between nascent RNA 3'end processing factors and transcription take place within the same transcription cycle, evidence for a functional link between the 3'end processing/termination reaction back to the promoter is emerging. A first indication was the discovery of a transcription-dependent physical interaction between terminator and promoter via so-called gene loops. In yeast, loop formation is mediated by an interaction between TFIIB and the Ser5-phosphatase, 3'end processing and transcription elongation factor Ssu72p 10, 11, 133, 134 . Moreover, several reports imply that impairment of 3'end processing and/or transcription termination leads to decreased transcription initiation: In a genome-wide study on yeast cells, it was observed that termination was impeded on both protein coding and small non-coding genes upon inhibition of the phosphatase activity of Ssu72p
47
. In parallel, a general drop in RNAPII levels at the promoters and in the gene bodies of the termination-impeded genes was detected. Similar effects were reported by a series of study examples using individual reporter genes. For instance, inactivation of Rat1p (yeast homolog of XRN2) was shown to decrease levels of RNAPII at the promoter and inside the gene body of the assayed ADH1 gene 135 and depletion of human Senataxin led to elevated levels of RNAPII in the terminator region of the β-actin gene accompanied by a significant decrease at the promoter 27 .
These examples do not per se imply recycling within the same gene, since lowered levels of RNAPII at the investigated promoters could be a consequence of global sequestration in terminator regions.
However, in two recent studies similar phenomena were detected on genes with 3'end processing/termination defects imposed in cis 6, 8 . In the first, compromised 3'end processing/termination caused by a single point mutation of a polyA signal yielded a lower transcription initiation rate as measured by NRO as well as promoter-ChIP of RNAPII and the two GTFs TBP and TFIIB 8 . Surprisingly, complementary ChIP analysis revealed that the CTD of RNAPII present downstream of the mutated polyA site, and supposedly still attached to the nascent uncleaved RNA, was largely devoid of Ser2P and Ser5P and an equally curious elevated level of both TBP and TFIIB could be measured at the same positions 8 . While these phenomena were consequences of the impaired 3'end processing/termination, they may also reflect natural processes that just take place with faster kinetics at a functional terminator. Thus, perhaps dephosphorylated RNAPII can bind some GTFs already before disengaging from the chromatin template, which is in agreement with the suggestion that RNAPII can be prepared for the next round of transcription before or concomitant with termination. Furthermore, it was recently shown that the described 3'end processing/termination defect correlated with the disappearance of a detectable promoter- 11 . In a second study, polyA genes of different lengths were analyzed and it was found that a short <450 bp gene was transcriptionally repressed at the initiation level . The mechanism underlying these observations is not understood, but taken together with the finding that the actual polyadenylation event is needed for release of the mRNA from RNAPII 56 , it is possible that proper transcription termination in some cases depends on polyadenylation, which in turn affects re-initiation ( Figure 1 ).
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You are encouraged to include sidebars ("boxed" information that is relevant to but separate from the main text) especially to highlight contemporary interdisciplinary themes. Each sidebar should be a maximum of 250 words. Do not include more than two sidebars. Although not formally demonstrated for all gene classes, it is generally assumed that transcription termination is intricately coupled to RNA 3'end processing. The 'strength' of the 3'end processing signal and its surrounding terminator region determine how rapidly the RNA is processed and how efficiently RNAPII terminates. While a major determinant for 3'end processing strength is the composition of the signal itself in terms of elements and their sequences, it is also clear that the distance to the TSS plays a decisive role in how well a given signal is utilized. Due to CTDmodification changes as a function of RNAPII transcriptional progress, a promoter proximal polyA signal is not recognized as efficiently as a distal one and, conversely, a distal snRNA 3'end processing signal functions worse than a proximal one. In addition, RNA 3'end processing efficiency is influenced by upstream RNA processing events; e.g. splicing of the last intron is stimulatory for the cleavage/polyadenylation reaction as well as for release of the polyadenylated mRNA from RNAPII 56, [136] [137] [138] [139] . Similarly, 3'end processing of snRNAs is promoted by 7-methyl-G capping of the RNA 5'end 140 . Finally, as many 3'end processing factors are already recruited at the promoter, it is possible that critical decisions can be made very early in the transcription process.
The accumulating body of evidence highlighting the importance of productive 3'end processing/termination for transcriptional re-initiation of the same gene calls for mechanism(s) to recycle RNAPII from the terminator back to the promoter. Gene-looping from 3'end processing sites to promoters may be one way to maintain sufficient local concentrations of RNAPII within each individual gene circuit. Alternatively, the compartmentalization of genes into a spatially confined environment (aka 'gene factories'), could increase the chances for an RNAPII complex to re-initiate on the same recently transcribed gene, simply by being in proximity 141, 142 . This was shown for gene loci on polytene chromosomes in D. melanogaster salivary glands 12 , and it may be an important feature for clustered genes. As the availability of RNAPII varies between different conditions and cell types there may not always be a need for intragenic recycling of RNAPII 143 However, in favor of a general importance of recycling, it was recently shown that RNAPII is present in surprisingly few copies per cell in proliferating S. pombe (~1 molecule per gene) 144 . When RNAPII encounters a weak/defective 3'end processing signal, it may become somewhat prone for termination while still being partially fit for continued elongation. Such an 'upset' polymerase may terminate erroneously at a more or less random position without being properly reset -i.e.
without proper CTD dephosphorylation and/or without release of the RNA (both the gene-body encoded RNA and the polymerase-associated RNA) -and therefore not be prepared for re-initiation ( Figure 1 ). In fact, the major determinant for efficient recycling may be the ability of RNAPII to be reset during termination. Such resetting would then depend on the kinetics of 3'end processing and termination, which in turn are governed by the strength of the encountered processing signal.
What then is an efficient terminator? In order to avoid transcriptional interference into a downstream gene, termination is required, especially in cases where genes are closely spaced.
Nonetheless, even when the 3'end processing signal is supposedly strong, RNAPII often travels far into the terminator -up to 1 kb on histone and snRNA genes and up to several kb on polyA genes.
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